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Abstract 

This report describes electrical testing at Sandia National Laboratories/New 
Mexico of a mockup of a 15-mW, 50-year-design-life radioisotopic 
thermoelectric generator designed and constructed in Russia. This mockup is 
identical to the plutonium-fueled versions except for installation of an electric 
heater in place of the plutonium fuel capsule. Results are presented of 
measurements of power output and other characteristics at various heater 
powers corresponding to beginning and end of design life. Output over a range 
of load resistances was measured in order to characterize the low-temperature- 
difference thermopile used in this RTG. 





Summary 

Electrical testing was done on an electrically heated mockup of a plutonium-fueled 
radioisotopic thermoelectric generator (RTG) designed for a long-term surveillance 
application. The design specifications include an electrical output of 15 mW or greater at 
3 V at beginning of life, and 10 mW or greater at 3 V after 50 years of operation, both at 
25°C ambient. Measurements were made of electrical output at temperatures of 50"C, 
25"C, and -50°C over a range of load resistances from 1 R to 1000 R, plus open circuit. 
Measurements showed that the output power of the mockup at beginning of life was 
approximately 15% lower than the design specification indicated, and 35% lower at end 
of life. Peak power output at a heater power corresponding to beginning of life was 13.2 
mW at 2.7 V. At 3 V, the power output was 12.6 mW. At a heater power corresponding 
to 50 years of operation, maximum power output was 6.5 mW at 1.84 V. 

An extrapolation of the data showed that 3-V output at a heater power corresponding to 
50 years of operation would be achieved at a load resistance of 3340 n, with an output 
power of 2.7 mW. A calculation based on decay rates of plutonium and thermoelectric 
principles indicates that an RTG with 15 mW beginning-of-life output would decrease to 
an output of approximately 6.8 mW after 50 years, so it appears that the specification of 
10 mW output at 50 years is inconsistent with a specification of 15 mW at beginning of 
life. Complete voltage and power load data are presented. 

I. Principles of RTG Operation 

An RTG is a simple device that consists of a heat source fueled by the heat of decay of a 
radioactive isotope, and a thermoelectric device, often referred to as a thermopile, that 
converts heat into electric power. The thermopile is usually a series of semiconductor 
junctions heated at one end by the heat source, with the other end in contact with the case 
of the RTG, which is at a lower temperature. RTGs are highly reliable, long-life power 
sources, with applications in spacecraft, surveillance devices, and weapons systems. 
Design output electric powers range from less than one milliwatt to hundreds of watts, 
depending on the applications. 

Compared with chemical electric power sources, RTGs are low power for their weight 
and size but have very high energy because of their long lifetimes. Efficiency of 
conversion of the heat of decay to electric power is low, typically less than three percent. 
Improvement of this efficiency is the primary goal of RTG development, with the focus 
being on new semiconductor thermoelectric materials. 



The operation of the thermopile depends on the Seebeck effect,'.* in which a conductor 
whose ends are at different temperatures will have an electromagnetic force (EMF), or 
electric potential difference between those ends. This EMF occurs whether or not there is 
current flowing in the conductor. A potential difference does not produce power unless 
current flows in a closed circuit. Different metals or semiconductors have different 
Seebeck coefficients and, therefore, different EMFs for a given temperature difference. 
As a result, a closed circuit can be made to allow current flow, producing power in a 
resistive load. 

It is important to note that in an RTG, the output of the thermopile is a voltage that is 
proportional to the temperature difference between the heat source and the RTG case or 
heat sink and the heat source temperature is a nearly linear function of the heat source 
power, which decreases exponentially with the decay of the radioactive isotope. The 
thermopile output power is proportional (for a given fixed load resistance) to the square 
of the thermopile output voltage. This means that the RTG electrical output power is 
approximately proportional to the square of the heat source power. If the heat source 
power decreases by a factor of two, the RTG electrical output power decreases by 
approximately a factor of four. 

In addition, different metals or semiconductors connected together form a junction. 
When a current flows in the circuit, there is an entropy change in the electrons flowing 
across the junction because of the difference in chemical potential of the two conductors. 
This entropy change produces heating or cooling, depending on the direction of current 
flow. This is the Peltier effect, and it is the principle used in semiconductor junction 
refrigeration  system^?^^ There is also a Thompson effect, which involves entropy and 
temperature change of charge carriers flowing in a temperature gradient. The Thompson 
effect is relatively small in devices of interest. The Peltier effect, while not dominant, 
must be taken into account in power generating systems. 

The most common radioisotope fuel is 238Pu, which has a convenient half-life of 87.7 
years. The decay products are 234U and 4He, with a power production of 0.56 W/g. The 
isotope is generally used as PuO2, rather than as metallic PU. Production of helium gas 
during the decay requires either a pressure containment capsule for the fuel or a way to 
vent the helium without plutonium escape. Unmanned spacecraft usually vent the 
h e l i ~ m , ~  while terrestrial applications use pressure vessels because of safety 
considerations. 



II. 
The RTG tested is a mockup of a device intended for use in a long-term surveillance 
application, and is designed to have an operating life of 50 years. The mockup is 
intended to duplicate the plutonium-loaded RTG except for the substitution of an 
electrically-powered heater for the plutonium capsule. 

Description of the Mockup RTG Tested 

The principal specifications of the plutonium-fueled RTG, and of the RTG mockup tested 
here, are contained in Appendices I, 11, and ID. Appendix I is the service manual for the 
RTG mockup, and it is short enough to be reproduced here in its entirety. Appendix II is 
from the report of the RTG prototype tests, and Appendix 111 is from the final report on 
the design and development of the RTG. Because of the length of these two reports, only 
pages 1-8 of each are included here. Appendices I, 11, and III were reproduced from 
available copies, and the reproduction quality is poor. These pages include specifications 
pertinent to the measurements and evaluation of the RTG mockup done at Sandia 
National Laboratories and reported here. 

The RTG mockup contains an electrical heat source (intended to simulate the plutonium- 
fueled heat source), a semiconductor thermopile that is composed of Bi~Te3 - BizSe3 
(n-material) and BizTe3 - SbzTe3 @-material). This bismuth telluride thermopile is a 
relatively advanced type that is optimized for low-temperature (<200”C) operation. A 
thermocouple is installed in the mockup to measure the temperature at the heat-source/ 
thermopile junction. The heater input and thermopile output are connected via a four- 
conductor plug in the base of the RTG, and the internal thermocouple connections are 
made through two electrical feedthroughs in epoxy-sealed holes drilled in the base. 

The operation manual (referred to as Service Manual in the manual title) is very brief, 
and is reproduced in Appendix 1. The electrical specifications for the mockup are given 
in the Service Manual as 15 mW output at 3 V, with an applied heater power of 1.3 W to 
1.4 W, at a nominal heater supply voltage of 5.7 V to 5.8 V. The operating temperature 
range is given as -50°C to +5OoC. An electrical output specification of 15 mW at 3 V 
implies a load resistance (V’iP = R) of 600 R. 

Appendix 11, RTG Prototype Tests, Section 4.3, describes testing of two plutonium- 
fueled prototypes of this RTG. Prototype serial number 01 is described as having a 
plutonium heat source of 1.43 W, and a “semiconductor thermoelectric battery,” referred 
to here as a thermopile, having 245 working couples of the 250 in the thermopile. 
Prototype serial 02 has a heat source of 1.38 W and 235 working couples of 250. It is not 
known how many working couples are contained in the RTG mockup. Electrical tests on 



the two prototypes were done with a variable resistance load that was adjusted to 
maintain the thermopile output voltage at 3.0 V. Under these conditions, the output of 
serial No. 01 prototype was 17.1 mW with a measured hot junction temperature of 
130.5’C, and the output of serial No. 02 was 15.7 mW with a hot junction temperature of 
125°C. Other details are described in Appendix II. 

The Final Report in Appendix III, Section 1.1, specifies that the minimum RTG electric 
power at the beginning of service life is 0.015 W at 3.0 V, and at the end of service life 
(defined as 50 years), the minimum electric output power is 0.010 W at 3.0 V, a decrease 
to 67% of initial power. A calculation of the decay of 238pU (half-life 87.7 years) using 
the formula in Appendix 11, Section 4.4 (which is a standard isotope decay formula), 
shows that 67% of the plutonium remains after 50 years, meaning that the heat source 
power is then 67% of its initial value. As discussed above, the expected electrical output 
from the thermopile after 50 years is approximately (0.67)’, or 45%, approximately 
0.00675 W, rather than 0.010 W, so there appears to be an inconsistency in the 
specifications. 

The internal thermocouple type is not described in the service manual supplied with the 
RTG mockup, but was verbally described as a “chromel-copel” type. Cope1 is a 
resistance material used for heater elements, and it appears to be essentially identical to 
constantan. The thermocouple was, therefore, tentatively assumed to be chromel- 
constantan, commonly referred to as a type E thermocouple. A measurement of the 
resistance of the internal thermocouple showed 10 R between the feed-through terminals, 
indicating a high probability that a 10 R resistor was installed inside the RTG case in 
series with the internal thermocouple. A series resistor is used when a current-sensing 
device such as an analog moving-coil meter is used to indicate temperature. A 
thermocouple pair produces an output voltage that is proportional to temperature 
difference between the measuring junction and a reference junction, and the series 
resistor is chosen so that the total external resistance (thermocouples plus resistor) is a 
known fixed value. The current in the meter is then proportional to the measurement 
thermocouple voltage. Most digital meters and data loggers use high-impedance 
operational amplifier inputs or voltage-nulling bridges with analog-to-digital converters, 
eliminating the need for the external resistor. 

111. Experimental Plan and Setup 

The primary purpose of the measurements was to compare the thermopile output with the 
specifications listed in the operating manual. The electrical output was specified only at 
an ambient temperature of 2 5 T ,  and at a heater power of 1.4 W, the initial thermal 



output of the plutonium heat source installed in a production unit. Since the unit is 
intended to operate for 50 years, the output was also measured at a heater power of 0.95 
W, calculated for 50 years of plutonium decay. Because of interest in the operation of the 
barium telluride thermopile at low-temperature differences, output was also measured at a 
heater power of 0.65 W, equivalent to 100 years of decay. These measurement were 
made at external temperatures of -5O"C, 25"C, and 50°C. Load characteristics of the 
barium telluride thermopile are also of interest, so the measurements were made with 
load resistances of 1 R to 1001 R in 100 R increments, and at open circuit. 

Two type K (chromel-alumel) thermocouple junctions were fabricated and epoxied to the 
RTG mockup case, one centered on top and one on the bottom center at the assumed 
location of the thermopile thermal contact with the case. A plug to fit the four-pin 
connector mounted on the RTG mockup base was not available, and connections were 
made using individual female pins from a standard connector. The set of four wires was 
clamped together and to the plug shell for strain relief. Connections were also made to 
the internal thermocouple, using type E extension wire fabricated from type J and type K 
extension wire. The RTG mockup was operated at all times mounted on its supplied 
tripod stand, with the connectors down (side and top views shown here). 

Figure 1. RTG on Its stand, showlng cables 
and connected thermocouples. attached thermocouple. 

Flgure 2. Top view of RTG showing 

The supply used to power the heat source is an Agilent E3630A Triple Output supply, 
with 3-digit output voltage metering. A l-R,5-W resistor was placed in series with the 
heater and the voltage drop recorded to provide a measure of the heater current. The 1-R 
resistor was measured and found to be 0.99 R. The variable load resistor was fabricated 
using a ceramic rotary switch and ten 10042 metal-film 1 %  resistors. The 1-R resistor, 
which is the minimum resistance load, is a 5-W 3% unit. The last switch position is open 
circuit, so load resistance steps are 1 R (near short circuit) to 1001 R in 100 R steps, with 
a final open circuit (infinite resistance) load. Voltage across the load resistance was 



recorded and also monitored with a five-digit Hewlett-Packard 3466A Digital Voltmeter. 
Testing was performed with the RTG mounted on the stand shown, which was supplied 
with the RTG. 

Data were recorded on an Omega RD840 eight-channel datalogger. This datalogger is 
designed for thermocouple as well as voltage inputs and has internal electronic reference 
junctions and compensation for all common types of thermocouples. The datalogger has 
a graphics screen display, and records data on a 1.4 Mb floppy disk for transfer. The 
datalogger is programmable and, for these measurements, was set for one recording of all 
channels each minute. 

Measurements were made with the RTG mockup located in a Tenney Environmental type 
TJR environmental chamber. The experimental setup and the RTG in the environmental 
chamber are shown in Figures 3 and 4. 

Flgure 3. RTG evaluation setup, wlth (from 
left) environmental chamber, power supply, 
datalogger, load R, and DVM. 

IV. Measurements and Analysis 

Figure 4. RTG In environmental chamber. 

Seven channels were recorded on the Omega datalogger: top external thermocouple, 
bottom external thermocouple, internal thermocouple, heater voltage, heater current 
(voltage across the 1 R resistor in series with the heater supply), thermopile output 
voltage, and oven temperature (measured by a type K junction suspended in the oven). 

Changes in oven temperature or heater voltages were made with a 601 R load applied to 
the thermopile, After the thermopile output voltage stabilized, the load resistance was 
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varied from 1 R to 1001 Q, in 1 0 0 4  steps, with approximately three minutes at each 
step, then to open circuit for approximately 5 minutes, and then to 601 R for 
approximately 15 minutes. 

A plot of output power at the various temperatures and heater powers vs. load resistance 
is shown in Figure 5. Peak power at 25°C occurs at a load resistance of 400 R to 500 R, 
rather than the predicted 600 Q. Peak power at 1.39-W heater power and 25°C is 
13.1 rnW, approximately 87% of the design output of 15 mW. At end-of-life heat source 
power of 0.95 W, output power decreased to a peak of 6.5 mW. 
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Figure 5. Output power vs. load resistance at three heater powers and temperatures. 

A similar plot of the thermopile output voltage is shown in Figure 6. There is no 
indication in the rnockup RTG operating manual of minimum usable output voltage, but 
the design voltage output is 3.0 V. This voltage in the mockup is achieved (at 25°C and 
1.39-W heater power) at an interpolated load resistance of approximately 720 R, where 
the output power is approximately 12.5 mW. 
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Figure 6. Thermopile output voltages vs. load resistance for the operating ranges tested. 

By the end of life at 50 years, corresponding to a 0.95-W heater power (at 25"C), the 
measured output power peak at 500 R load is 6.5 mW at a voltage of 1.84 V. Note that 
the output power is not a linear function of the heat-source power. This is expected, since 
as discussed above, the output power is approximately proportional to the square of the 
output voltage, and so to the square of the heater power. Nonlinearities reduce the power 
dependence, and at a constant load of 400 R, the output power measured at the three 
heater powers is a good fit to Pout = 7.15 Pb2.''. 

The thermopile circuit can be approximated by the simple circuit shown in Figure 7, and 
predictions made of outputs at various heat source powers and load resistances. The 
thermopile is approximated by a voltage source VS in series with a source resistance Rs. 
The external load resistance applied is RL, and the voltage output is VO. In a common 

r~~ ........................... ~ ....... 

L ..................................... 

Figure 7. Thermopile circuit. 

linear power source, VS would be the open circuit 
voltage VW, i t .  with RL = [infinity], and 
RS = VOC / ISC, where k.;c is the short circuit 
current, RL = 0. Because of the nonlinearities of 
the thermopile, VS and Rs were calculated from the 
200-R and 1000-R load data at each of the three 
test temperatures and three heat source powers (see 
the graphs above). Table 1 shows the results of 
these calculations. 
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Table 1. Measured and calculated RTG outputs. 

equiv age, test temp, calc calc calc max  calc load calc mW, meas pwr load R for max 
years "C sourceV sourceR pwr(mW) Rfor3V 3 V o u t  (mW) pwr(ohms) 

0 50 4.72 498 11.21 866 10.39 11.1 500 
0 25 4.93 455 13.34 708 12.71 13.2 450 
0 -50 4.49 329 15.36 660 13.64 15.2 300 

50 50 3.24 479 5.48 5957 1.51 5.4 500 
50 25 3.39 435 6.61 3340 2.69 6.5 450 
50 -50 3.00 310 7.24 inf 0.00 7.2 300 
100 50 2.24 456 2.76 2.7 450 
100 25 2.31 420 3.17 3.1 400 
100 -50 2.03 296 3.48 3.5 300 

The first two columns are the thermopile calculated source voltage and resistance for 
each temperatureheat source power, and Ppeak is the calculated maximum power 
available at that source voltage and resistance. The load resistance RL for maximum 
power is equal to the source resistance Rs (see the circuit above). These calculated 
powers are within 1% of the measured peak powers taken from the recorded data. 
Because the power output of the RTG is specified at 3 V (Appendix I), the load resistance 
needed to achieve 3 V was calculated, and the calculated power available at 3 V is also 
listed. It can be seen that at 50 Y heat source age, 3 V will be barely reached at high load 
resistance, and the output power will be less than 3 mW. 

Attempts to measure the heat source temperature with the internal thermocouple were not 
successful. Comparison with an external type E thermocouple at various external 
temperatures (no heater power) produces different outputs. Whether this was an effect of 
the series resistor incorporated in the internal thermocouple on the Omega measuring 
system, which may use an electronic null-balance system that may be disrupted by a large 
external resistance, or some other effect, is not known. There were also occasional 
abrupt shifts in the indicated temperature of the internal thermocouple during changes in 
oven temperature. However, the internal thermocouple output was recorded, and though 
the absolute temperature indication is not useful, the relative changes produced some 
interesting results. 

The curves shown in Figure 8 are the relative temperature as measured by the internal 
thermocouple, and the current flowing in the thermopile at an external temperature of 
25°C and a heater power of 1.29 W, as the load resistance is changed during the testing. 
The Peltier cooling effect of current flow in the thermopile can be clearly seen, as the 



current varies from the initial peak when the load resistance was switched from 600 R to 
1 R, decreasing as the load resistance is increased. The current is zero for approximately 
15 minutes (open circuit), and the temperature as measured by the internal thermocouple 
rises steadily during this time. Note that this temperature measurement indicates only 
direction of change and is not an absolute temperature measurement. It is not clear how 
much the temperature would have increased, as there is considerable time lag between the 
change in current and the change in temperature. 
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Figure 8. Change in temperature of the thermopile heat source junction and 
change in load current as the load resistance is varied during testing. 

An indication of the time required for 8 5  , 
temperature stabilization after the heater is 
switched on can be seen in Figure 9. This 
measurement was taken at an ambient 
temperature of 50°C and a heater power of 0.95 
W. The load resistance during heater warmup 
was 600 R. After the output voltage stabilized, 
the load resistor sequence was begun. The 
time lag in the cooling effect can be seen in the 

with time in the output voltage while on open 
circuit (the peak between 184 and 190 
minutes). 
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Figure 9. RTG stabilization time after application of 
heater power. 
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V. Conclusions and Discussion 

Measurements of the RTG mockup showed an output electrical power that was 
approximately 15% lower than the device specifications at the specified heater power of 
1.4 W and at 25°C ambient temperature. Measurements of the two plutonium-fueled 
RTG prototypes described in Appendix 11, RTG Prototype Tests, Section 4.3, show 
electrical outputs of 17.1 mW and 15.7 mW. Both are described as having several 
couples inoperative of the 250 couples in the thermopiles. The low electric power output 
of the mockup might have two causes: (1) the thermal contact between the electric heater 
and the thermopile may have a higher thermal resistance than in the plutonium-fueled 
prototypes and (2) there may be more inoperative couples in the thermopile. Connections 
in the thermopile must be made at the time of manufacture to bypass inoperative couples, 
or some couples may be shorted in the process of forming connections. We performed 
the testing with the RTG mounted on the stand supplied. Thermal connection of the RTG 
base to a heat sink might also improve output somewhat. 

A more serious concern is the discrepancy between specified and measured output 
powers at the heater power corresponding to 50 year service life. The measured output 
corresponds very well with the output calculated for the 50-year-life heater power, so it 
appears that 15-mW electrical output at beginning of life is inconsistent with a 
requirement for 10-mW, 3-V output at 50 years. There seem to be two possible solutions 
to this difficulty: (1) increase the amount of fuel by approximately 33% to provide more 
than 20-mW initial output or (2) change the specification, making up for the power loss 
with improved electronics. 
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1 Overview 

The RTG-238-0,01/3 AB31-Jll mockup (RTG mockup) is dc- 
signed to support m o t e  monitoring system during its work dcmonslru- 
tion. 

2 Design featurm and spccifications 

1 Output electric power, W (ambient tem- 
m m r e  25YIO" and output voltage 3f0,IV) 

2 Nominal power of thermoelectric heater, 
iH (nominal supply voltage 5.7 ... 5.8 V) 

3 RTG mockup dimensions, mm 
diameter 
height 

4 Mass with a stand, kg 

5 Insulation electrical resistance hctwccn 
:lectric connector contacts and R'TG mpckup 
iasis, kOhm 

6 Time for nominal operating, hour 

0,015 

1,3. .. I ,4 

60 
97.7 

0.58 

30 
minininl 

4 

LU 



3 Set of equipment 

'I'hc list ofequipment is tabled below 

- 
I lClG-238- 
0,0113 mockup 

2 Elcctrical cahlc 

3 'Itansportation 
packaging 

4 Stand 

5 Opration man- 
clal 

Note. * One cop: 

h bbreviac ion 

AB3 1 -n 1 

- 

6-571 4.000 

5-57 14.000 

A 8 3 1  -ni P3 

-~ 
I linglish itnil onc ii 

H=97,7 

3000 

160x160 

nhle 3.1 
Pnckaging 

Transporta- 
tion pack- 
aging 
Transporta- 
tion pack- 
aging 

Transporta- 
tion pack- 
aging 

4 IW(; tlcrigii m i l  pre-starting prncedure 

4.1 IVKi iiiockiip design 
ICKj mockup is u nionoblock unit without mechanical fastening to 

tlic lniitl. I)uring performance demonstration the RTG mockup is in- 
stollcrl into Iliu slentl wliicli is included into Ihr set of cquipmcnl. 

A IVlG mockup cnnsisls o fn  steel cylindrical casing with ;I lid 
hasing, where a 111 IS (radionuclide hcat source) niockup with resistive 
Iic;it soiircc is installed as prcliminrry hen1 source, and a SIT3 (scniicon: 
tlticcor tlithioclcctric haticry) ns a converter of thermal energy into clcc- 
tric cncrgy. 
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Free space is filled with thermal insulation. IITG inockup inncr spiicc is 
filled with xenon up to atmosphere pressurc. 

RHS mockup and STB electric leads are brought out through thc 
contacts 1,2 and electric connector plu& 3,4, located on tlic RK; niocl;up 
basing. RHS mockup is supplied from the external clcctric snurcc of 5.7 ... 
5.8 v. 

To control temperature of STD lint jiinction (il' ncucssiiry) A thcr- 
mocouple T is installed between the RllS niockup and SIX, wircs ol' 
which are brought out through the sleeves at thc hottoiii d the I C K  
mockup. 

0. -- Abbreviation Descriplioti *., 0 STB I 
' 1 ~ l h -  R RHS mockup 1 

XI Plug PC4 TB AR0.364.047TY 1 
X2,X3,X4,X5 Electric cahle terminals 4 

T Thermocouple I 

RTG mockup circuit diagnni 

4.2 Pre-starting proccdurc 



Titkc the RI‘G mockup with the stand out of the transpiration 
piickiiging. The RTG mockup should be removed fmm tlle packaging by 
seizing the bottom of the stand or carefully the casing. 

llcniovc thc technological cap from the RTG mockup electrical 
connector plug and connect with eleclrical cable. 

Connect X2 and X3 terminals or electrical cable up to the power 
snuiw or R I  IS mockitp. Conncct X4 and X5 terminals up IO tlic rcniotc 
nicinitoring systcni with trital resistance of - GOO Ohm. 

Set voltage or 5.7 V at the RI IS mockup using power source to 
provitlc RI IS mockup theniial power of 1.32 W. 

Kccp tlic system for - 4 hours. After this the RTG mockup is in 
opcratiiig mode providing voltage of 3k0,IV and electric power of0.015 
w. 

After work completion switch off the power source, dismantle thc 
systcni, and put the lechnological cap onto the p l ~ g  of RTG mockup 
clcctric connector. 

I’ut the RTG mockup into the transportation packaging in the se- 
quencc inverse to tlic unpacking procedure. 

. .  .. - - 
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5 Application 

5.1 Operating restriction 

RTG mockup is serviceable during storage and lmnspnrlation nncr 
the following environmental impacts: 

relative air humidity of 98% and temperature up to 35°C; 
temperature change -5OOC to +80°C; 
change of atmosphere pressure 50 kPa up to I50 kPa. 

RTG mockup operating temperature - 5 O T  up to +50°C, and at 
relative humidity up to 98% at a temperature up to 35°C. 

5.2 Safety requirements 

5.2.1 There is no special safety requirements for a RTG Iiiackiip. 
5.2.2 Electrical safety requirements - in accordance with "lilcclri- 

cat device operation rules" and "Snrcty nilcs during cfectric:il tlcvicc tip- 
crat ion". 

6 Storagc uncl tranrlwrlulioii 

A RTG mockup should be storctl with inslallctl cap ;I! ;I conncclor 
in a packaging. in enclosed space, including non-healing rooms. at an 
ambient temperature -50°C up to +50°C and at a rclalivc ltutiiiilily of 
98% tip to 35OC. 

A RTG mockup may be transported in the packaging by any kind 
of air and surface transport without any spccd. hciglit and distance cnn- 
straints. 



The pcknging should be in vertical position during storage and 
transportation. 

Prnject leader (i- &+ 8. P. Birkanov 
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RTG PROTOTYPE TESTS 

&POI? mk IO (cornat BF-1481) 

P. hrkanw 

S a m  
2001 
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This paper indicates the compl 
task 10 under contract BF-1481 between Saudia 

RTG experimental prototypes (serial num 
testing on compliance with technical and 
research and development of RTG 238-0 
RTG selected design and technical solutions. 

Posi ve results of the testing [ I ]  enable us to consider that 
production of radioisotope heat source (RHS) and RTG based 
technologi I documentation. 

protocol an a video of the RTG prototype tests. 

of the vide 1 made under task 9. 

In cordance with task 10 the 

As it was mentioned in the report 

The RTG prototype test protocol i 



. Frotocol o f th  RTG 238-0,01/3 (Said numbera 01 and OZ)(prototype tests 

prototype production" - rcpon od task 9 under the Sb wmct BF- 
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TEST PROTOCOL 
'iatheRTG238-0,01/3 (scrialnumbcn01.02) 

to task 10 uader the wntract BF-1481 cmd bapcd additid 
#0&99/01/3242K of 30.07.99 Elsctromecharri plaut Avangard 

canid out the RTTO 2384,OlB paimcntal proto- 

eXP~mt. lprototypes 

Rocedrae ca compliance witfi technical and Operating Uinmcntr AVE 
agreed upon Test k types (mihl numberp 01 and 02) testing. The testingarcbsled on 

2PM. 

radionuclide beat source AVE 2.100 of 1.43W and a semi 

STB installed in the RTG experimental prototypes has 

tempcramre ditraence from -2O'C to +60°C). 

2. Tcst objective 

est the RTG 238-0,01/3 experimental prototype ! d and operating requirements of the Statement of Work. 
Assess experimental adjustment of the 
design documents beforu Starting prototype production. 

I 3. Test acope 
Baaed on the rquiranents of the Statement of work the RT 

tions and operating impacts are split into two blocks. Thus, the 
in two re$irnes to confirm the RTQ tcclmicd spparifiostons and its 
ating conditions. 

2.2 

3.1 I Testing to confirm technical festurcs: 
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Ibe RTG OW electric powa mcaswmmt (beginning of the 

The RTG outer swfice radioactive cmmhmcnt control 
contrq~ of radiatfon quivdcnt dose power 

The R% output electric p o w  at the end of the scrvis?. life 

The RTG o p t i o n  justification during the sct m i c e  life 
The RTG actual mass measurement 
Measurement of the RTG dimensions 

ice life) 

Test Of the RTG eleCtri~ poWer under m m  difference -2OOC to +60°C i 

mt-wet coarse 

1 32JTesting on resistance to operating environment: 
Testing of the RTG operation at a relative humidity up to 98% 
of35' 
Testing of the RTG operation under temperature difference from -50°C to +5OoC 
Testing of the RTG operation at a pressure of SOKPa - 150Kpa 75 - 1125 mm of 
mercllry) 
Testing of the RTG operation at an operation temperature of 25O 
Testing of the RTG operation at a temperature of -20°C to +80' 
The RTG sinusoidal Vibration test at a fnsueacy of 2.5& ov loading of 2g for 
0.5 hours 
Testing of the RTG opuation under transportation shocks 

d at a temperature 

4. Test results 

4.1 The 
The RTG 238-0.01/3 (serial numbers 01,OZ) outside 
tive contauanent by a smear method Themethod is based on i 
active activity of the material removed h m  the RTG surface 
calico tampon. Ethyl alcohol is an effective surface-acti 
wage coefficient of radioactive substance mnoval to be 

The RTG outer surface must not be radioactive 
surface smeyyl o the prototypes (serial numbers 01 and 02) was not poll 

4.2. Con+l of radiation equivalent dose power 

Actual (natural and man-caused) gamma (exposure doze ma&) 

G outer surface radioactive containment control T 
'vity is measured using a-radiometer of a 

neutron (pSV/h) 
radiation background are measured in the industrial rooms. 

The RTG-238-0.01B experimental prototype is placed on the 
ton exposure rate is d c t d t d  at a distance of 1 m from the 
face. Phcton exposure rate is equal to the obtained value 

7 
background value. 
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The R E  neutron radiation qdvalcnt dose power is me~sund at 
rag is equal to the obtained value minus the 

rate is measured using a DRGOlTl dosimeter. 
with the help Of DKS-96 dosirncter-radio 

ground. 

e neutron expo- 
with a BDMN- + 96 deteaion block. 

The pow4 of ionizing radiation equivalent dose is calculated. 

B0.962P + Q, 

where D {power of ionizing radiation quivalent dose, @v/c, (*); 

0.962 +version factor h m  photon ucposun rate to fell equivd+t dose power, 

P photon exposure rate at a lm-distance; 

ionizing radiation equivalent dose power at a 
n radiation equivalent dose powa at a lmdistance. 

(10 mremb). Actual ionizing radiation 
saial nuu$xr 01 is 0.00014 @v/c, (0.05 mrem/h) 

4.3.   he RTG output electric powa measurement (beginning ofthe # m i c e  life) 

The RTG (serial numbm 01 and 02) output electric power is 
148 1 .WE I test bed. 

The ambient temperature is measured in the working room. Usin a resistance box 
select such a total load resistance RrJ when voltage is equal to 3M. V. 

shouldn’t exceed 

from the N G  serial number 02. 

t 
RLI=RL+Rc, 

output volugc at a level of 3M. 1 V. Change of output electric er, the hot junc- 
tion tcmptrahm, the temperature of the outside surface of the bo and the shell are 

Actual values of load resistance, current and voltage were recorde The output elec- 
tric power was determined with the help of the following formula: 

where R,, loading mistance, Ohm, 
&-resistance of connecting cable, Ohm. 
To achieve steady mode (the temperature difference of the hot j Ction doesn’t ex- 
ceed 2Wh) loadiig resistance is corrected using a mistance box ’ order to hold the 

recorded auring the tests. 

Where W - output electric power, mW, 
I-cUrrCnt,mA, 
U - voltage, V. 

i I W=I. u, 



The RTG output electric power should be no less than 1Sm 
Tht RTG phtotype output electric power (serial 

(fig.l), the hot junction tempuatm was 1 3 W C  (fig.2) 
"C, and @e temperatun of the shcU was 2 8 9 C  (fig.3) 
electric power (send number 02) was 15.7 mW (fig.l), 
was 125k  (fig.2) bottom temperature was 28 'C, 
2S.4"C (fig.3). The ambient room tcquaturc was 22'C. 
electric Rower of the RTG prototypes is conno3ed 
tures at dfferent time periods and with negligible g 
materials 

4.4 The RTG output electric power at the end of the service life 

with mpta to plutonium-238. 
The RTO thermal power will be changed adequately to the law radioactive decay 

w, = wQe-1r 
of thermal power at a T time, 
- the RTG calculated thermal power at the moment 
l/ycar-constant of plutOnium-238 decay; 

i = SO years -the RTG service life 

. Substituting the appropriate values we get calculated thermal 

output electric power under equal conditions is 
Reducing of thamel power increases 

service life (1%'). 

results in changing of volt-ampere characteristic parameters. 
from O P Y  state transfers into non-optimal 
penden of voltage and volt-ampere charactri 
mmtall that requim significant additional expenditure. 
to appl intensifying electronic devices providing the 
charactcfistics at the RTG output. 

4.5. Test of the RTG electric power under temperature 
+60T I 

From room temperature the RTG-23&0.01/3 (serial number 
peratumchamber "Moroz" with a temperature of -2OT and 
RTG 'achieves a steady-state operation mode (the change 
ture doesn't exceed 2OCh at the RTG output voltage of 
power abd the hot junction temperature changes arc 

Mer thc RTO achieves steady operation mode it removed 
chamber "Moroz" and is placed to the desiccator and the 

e from -2O'C to 

BF-1481.00El test table. 

the temperawe 
tempaahne is 
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padually raised to 60T with a-2*C/min speed. Themaximrl 
tem- cham& to the desiccator is 3 minutes. The 
achieves i steady operation mode w e  the changes ofthe 
and the oytput electric power arc ncordd d the *ut 

put elecdc power up to 10% b m  nominal vdue is 

figure 5. 

loss of electric power at a temperature of -2O’C 
ihrn nominal value after achievh a steady-mode. A 

e tempmtun change of the hot junction and the en 

4.6. The IfTG opedonjusti6catiOn during the ra service life 

It is a particular f e e  of the RTG-238-0.0lB that its service life 
There is no analogue in the world practice. It is a 
for service life conformation, as n great 
considered. They arc 
S t N d  tnatclids, changes in 
due to thdk te~puatme-time 
other faclprs. Heuristic 
seetns to &e the most acceptable. It is based on the wmm 
ence in the field of operation of simil 

The report on task 2 under contact BF-1481 contains a review of 
The review includes shortcomings 
on the review an RTG-238-0.01/3 design is selected. This 
radionucl‘ 

blocks prCduced by micro module technique h low 
materials based on solid solutions of binary compounds 
used as nu energy converter. ”he solid compounds provide small 
cal strengtb and maximal conversion efficiency of the blocks. 
cludes solid t h d  insulation ATM-17 based on A-380 aero 
chrome oxide and phenol resin as a heat-insulating material. All 
allow a 50year service life to be justified. 

heat source based on plutonium-238 (half life 1 

element. P semiconductor thermoelectric battery based o 

4.7. The + actual mass measurement 

According to the “Statement of work on research and devel6p 
0.0113” mess requirements are not dewloped 

The R T G ~ ~ - o . o ~ / ~  actuai mass is measured using balance with 
The RTG 2386,OlB serial number dl mass is 425,s g. while the 
mass is 431 .S g. 
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Tssk 1: Tecbniul sod operstiag requirements for the RIG [I] 

Stat.mcnt of work [I] awed upon with developen of c t a w n i c  quipmeat was 
k e d  on the conbsot rcquirsmcnts md Ihn RF airling s l ~ d a r d s  on RTG developmmf 
md prting (WST 18696-90 "Rsdiwuclidc rtvrmalcctriC gcncntors. T m  md gmeral 
roqrdmnmu", GOST 20250-83 "Radionuclide thamoclcstric genermon. Acceptance 

ThC Stlfrmcnl of work identifies the RTG fcchnicd rtquirem&B. Among tbem nrc 
&e following: 

proccdlne d test teohnOlOgies". 

Ll. Specillcation: 

1.1.1. RTG ourput clkhic power at the beginning of smrice life is 0.015 W (dn) 

1.1.2 RTG outpul electric power at thc end of aaVice life 0.010 W (min.) under 

1.1.3. RTG suvice life b m  thc moment of acccptMcs at the m a n u f m m  plpnt 
including storage. oansportation, installation, chsdr work and active opaatioo in work 
mode -50 y" 

udcr voltage nf 3V. 

voltlgc of 3v. 

1.1.4. RTGmass-disabled 
1.1.5. RTO sizes and dimensions, mm 
P Di.maCr-60 
> Height-70 

t.2. Requircmmta for tbr RTG conahetlon 

1.2.1. RTGrharldincMtthefollowingpa~ts - Rdioisotope heat aouIcc (RHS) 
- Thamoslec~cunit 
- Tbarrlinruluion - Insulated external porn cnclonurc - Packaging. 
1.2.2. RTG will be a mom unit Without elements moumiDg 10 tbc power 

1 2.3. RTG will be ~ - s c p w b l c  and Mll-ICpairabk 
1.2.4. One of the principk 

COnSUllU 

of RTG is RHS kluding an st ive  paa in th 
form of fucl pcUst based on h-238 dioxide and shielding providing d i n g  of the active 
pM under tbe opcdng d accidcnf canditlopr. 

RHS sbxs md dimensions. mm - Diamacr-17 - Height-22 
RHS 6cdratinp-2.5 W (max.) 
1.2.5. Thamalsaric unit will iDslude thc following: - Sanicocductor thamaclectric banay (STB) 
- Compomts to wnncci STB to RHS and RTG casing 
- Elcctricoutlds 

13. Satcry rcquircmenh 
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